This paper presents a 3-D finite element model (FEM) using cohesive zone (CZ) concept to simulate the hollow needle insertion and identify the change in cutting force. CZ is a FEM technique that integrates the fracture mechanics based on surface energy and has often used in analysis of crack propagation. Experiments of needle insertion into the soft polyvinyl chloride (PVC) phantom tissue were conducted using two types of needle (bias bevel and lancet) under a constant speed to identify friction and cutting forces. Using the CZ concept, a thin layer of FEM is built to observe the tissue flow and cutting force along the needle cutting edge during insertion. Both experimental observation and modeling results show higher cutting force for the lancet tip due to smaller rake angle along the cutting edge. This FEM approach has demonstrated the potential as being an analysis tool for hollow needle insertion.
INTRODUCTION
Needles are commonly used in a wide variety of medical procedures. Different types of needle tip designs, such as lancet (Chiba), Fransee, Cope's, etc. [1, 2] , are created for various medical treatment and diagnosis procedures. Needle-tissue insertion can be considered a cutting process within a highly deformable, tough, and viscoeslatic work-material, thus the sharpness and geometry of the needle cutting edge are critical to the cutting effectiveness.
The needle insertion process can be generally divided into four phases [3] : deformation, rupture, penetration (cutting), and relaxation. Deformation occurs when needle tip comes into contact with tissue without penetration. When the strain energy accumulates to a critical level at the needle tip, crack initiates and the needle punctures into the tissue. Followed by the rupture phase is a continuous cutting process until the needle motion terminates. The relaxation phase exists after the needle motion stops while still stays in the tissue. The force during this phase gradually reduces due to the viscoelastic properties of the soft tissue.
Rupture and cutting phases are of particular interests as they represent the performance of a needle. Ideally, rupture should initiate with less deformation (lower force) to reduce the feel of pain and avoid the large crack propagation. Moore et al. [4] [5] developed a mechanistic model for hollow needle to predict the force required to initiate the rupture. The needle cutting edge is decomposed into many elemental cutting tools (ECTs). Each ECT conducts the oblique cutting with its own rake and inclination angles. Results showed that smaller initial cutting force is associated with higher inclination angle. This paper continues the study of needle insertion with the focus on cutting force (after rupture), which has not yet been thoroughly investigated for hollow needles, despite many other studies on the solid needle insertion [6] [7] [8] .
Two types of hollow needles, bias bevel and lancet tip, as shown in Fig. 1 , are studied as they can distinguish the effect of creating the lancets on needle insertion force. Needles with lancet tip are also commonly used for hypodermic applications. To compare the performance in cutting force, it is important to understand the tissue separation and flow mechanism. Geometrically, the bias bevel needle has two cutting edges (inner and outer diameters) while the lancet tip has multiple cutting edges to separate tissue, as shown in Fig. 1 . Thus, experimental method is first conducted to observe the difference in cutting force, and a 3-D numerical model using finite element model (FEM) is developed to explain the phenomenon. FEM has been applied to study the chip formation in metal cutting mechanics since 90s with the advancement of computation technology [9] [10] . For cutting soft tissue, unlike in metal cutting, where shear failure dominates the chip formation, fracture is the key mechanism due to the large deformation and toughness of the soft material. Cohesive zone (CZ) is an FEM approach to better simulate the failure and crack propagation, with cohesive elements providing an effective means of replicating the propagation of cracks through a nominally continuous medium [11] . It has been used in modeling the machining of brittle material and tissue cutting. Feng et al. [12] used CZ for micro-grinding force prediction. Misra et al. [13] and Oldfield et al. [14] both used CZ for needle penetration analysis, but the models were limited to 2-D plain strain case. In this study, a 3-D FEM is conducted to demonstrate the CZ approach.
This paper is organized as follows. Section 2 presents the insertion experiments with both needles. Section 3 introduces the 3-D FEM for hollow needle cutting, and followed by a discussion in Section 4 based on the experimental and modeling results. Finally, the conclusion, potential applications, and improvements of this approach are given.
EXPERIMENTAL OBSERVATIONS
Experiments were conducted to observe the cutting forces of the bias bevel and lancet tip needles.
Experiment Setup
The overall experimental setup is shown in Fig. 2 . Two needle tips were manufactured on a 11-gage stainless steel tube using the grinding geometrical model and a CNC grinding machine [15] [16] . The bias bevel tip was machined with a bevel angle of ξ = 15°. For the lancet tip, three angles need to be defined: the first bevel angle (ξ), second bevel angle (φ), and rotation angle (β). In order to be comparable to the bias bevel tip, the lancet tip needle was created with ξ = 15° (the same as bias bevel), φ = 5°, and β = 60°, as shown in Fig. 1 [18] , was adopted to mimic real tissue because of its homogenous mechanical properties. The phantom tissue was secured by a holder with the size that exactly fits. Over compressing the tissue into the holder would cause additional strain energy to propagate the crack. Large clearance between the phantom and holder would allow too much phantom deformation before the needle punctures through. To measure the cutting force, a force dynamometer (Kistler Model 9256C) was placed underneath the tissue holder. The total insertion length was 20 mm.
It is known that the insertion force consists of cutting force and friction force. Friction force is contributed from the outer and inner surfaces of needle and part of the cutting edge. To extract only the cutting force, two repeated needle insertions were conducted. The force on needle during the first insertion is the combination of friction and cutting force. The second insertion force on the needle is predominately the friction force -assuming that the needle in the second insertion follows the same path into the hole generated by the first insertion. Two repeated tests (at least 5 mm away from each other) were conducted for each needle insertion to ensure the repeatability. 
Results
Figures 3(a) and (b) show the insertion forces for the bias bevel needle and the needle with lancet tip, respectively. The phase of deformation and rupture was defined by observing the force drop and slope change after the cutting edge completely entered the phantom tissue. This mixed phase is slightly longer than the bevel length (11.4 mm) due to the higher peak insertion force and related larger deformation of tissue to absorb strain energy. Despite similar force magnitude, the lancet tip has shorter deformation and rupture phase (11.5 mm vs. 13.5 mm) prior to the full bevel engagement, which is preferred in most of applications.
Followed by the deformation and rupture-mixed phase is the continuous cutting phase. Assuming that the second insertion reflects only friction force, the cutting force is determined by the discrepancy between the first and second insertion forces within the cutting phase. As the results shown in Fig. 3 , the cutting force is about 0.2 N for bias bevel and 0.4 N for lancet needle. The noticeable difference in cutting force between these two needles (with the same bevel angle, same gage size, and using the same grinding setup) is attributed to the effect of needle tip cutting edge geometry. The modeling work is presented in the next section to explain this phenomenon. The CZ assumes that there is a surface traction across the pre-defined cracks, and it determines the nucleation, propagation and coalescence of a crack. Figure 4 shows a 2-D schematic CZ model. The CZ is defined between two adjacent elements. Considering Mode I fracture as a primary failure mode, the crack initiates when the separation length (δ) reaches δ max with a corresponding surface traction t c , based on the failure criterion.
where t c is the cohesive strength, which is also referred as the fracture strength (σ fr ) and can be calculated from the fracture toughness K IC and collinear crack of half-width (a 0 ), such that
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Figure 4 Illustration of (a) cohesive zone and (b)failure criteria
In CZ model, the traction-separation behavior is often used for a physically no-thickness adhesion layer, such as the predefined crack inside the material. This behavior is characterized by t c , δ max , and the fracture energy G c , as shown in Fig. 4(b) . The CZ starts to fail at the maximum traction, and gradually degrades until the total surface energy accumulates to G c . A bilinear model was adopted in this study, while exponential and trapezoidal are also available in most of FEM software.
The initial stiffness K (in the unit of Pa/m) is usually very high to ensure the continuum between the two adjacent bulk elements, thus G c is sometimes described by the region between δ max and δ 0 . Studies suggest that an ideal K, which balances accuracy and simulation stability, can be calculated from [17] 
where E is the bulk elasticity and d is the maximum element size.
In addition to the Mode I failure caused by normal traction, shear traction forces (introducing Mode II and Mode III failures) also exist in 3-D cases. Eq. (1) should be extended to depend on the maximum ratio of one among three directions. In this study, however, only Mode I is considered based on the assumption that the cutting edge applies the tensile tractions to open the crack, as shown in Fig. 4(a) .
3D FEM Model
The proposed model aims to observe the tissue separation along the cutting edge, and understand the cutting mechanism at each section of the cutting edge (i.e., ECT). Thus, instead of creating a large phantom tissue block for entire insertion process, only a thin layer (a cross-section of the entire block) is used, as shown in Fig. 5 . The cylindrical boundary is the predefined CZ where the needle cutting edge will cut through. Another CZ is defined on the plane across the center of the cylinder since the lancet needle ( Fig. 1(b) ) has one more cutting edge at the front tip to split the soft tissue. A symmetric model is used to reduce the computational time. The diameter of the CZ is 3.048 mm, corresponding to the outside diameter of the 11-gage needle. The modeling region is 7 mm (height) × 3.5 mm (width) × 0.5 mm (thickness). Figure 6 shows the assembly of the phantom tissue model using FEM software ABAQUS 6.11v. Two CZs, marked as #1 and #2 in Fig. 6 , composed of cohesive elements with zero thickness, are created to define the surface separation. The phantom and CZs are connected using the "tie" function to lock the nodes on the surface. To ensure perfectly tied surfaces, the mesh (node positions) on the mating surfaces must be compatible. Finer mesh is created around the CZ as it is subject to high stress concentration, and in addition, to avoid element penetration into the contact region due to possible excessive distortion. All exterior surfaces of phantom are defined as contact surfaces with the needle.
Needle was set as the rigid body (using shell elements) since the stiffness of needle was much higher than that of the soft tissue phantom. Thus, no computation was applied on the needle; finer mesh can be used to better define the cutting edge.
Boundary Conditions
A fine mesh FEM model with large modeling domain is preferred for such soft material since the bulk material surrounding the cutting area provides certain level of stiffness. In the thin layer case as Fig. 5 , the phantom could have excessive deformation due to the Z-direction needle insertion force, despite fixed X and Y on the boundaries. Such deformation distorts the pre-defined CZ, and the needle cutting edge cannot separate the tissue correctly, resulting in errors or oscillating force profile.
Figure 7 Boundary conditions for the FEM
To mitigate this problem, increasing the thickness of model is one solution, but it will increase the computational time significantly. Alternatively, we used a virtual phantom material, which was added onto the existing FEM as shown in Fig. 7 to act as a support. This virtual phantom is meshed with coarser elements and tied to the primary modeling part. It only supports the structure but has no failure criteria and interaction with needle. A pre-cut surface has to be defined, as shown in Fig. 7 , to allow the CZ to separate on the phantom. The overall boundary conditions are applied in Fig. 7 . On the YZ symmetric plane, X is set as 0.
Material Properties and CZ Parameters
A quasi-static condition was chosen for this study. Tissue visco-elastic response and the friction are not taken into account to reflect the second insertion in the experiment. The insertion speed (V z ) was 0.2 mm/s. The Young's modulus (E) of the phantom tissue is about 30 kPa with the Poisson ratio of 0.4 [18] . The detailed material properties require more mechanical testing; a set of estimated values were used here: t c = 3 kPa, G IC = 10 N/m, and K = 0.6 GPa/m.
These CZ properties were chosen to be softer in order to avoid excessive element distortion. Very fine elements are usually used for contact and fracture regions to handle stress concentration, but it also slows down the computation as the stable time increment in the Explicit solver is inversely proportional to the element size. To compromise the time and result accuracy, the strength and stiffness of CZ can be decreased to reduce significant elastic deformation of surrounding material (stress concentration) before the crack propagates. This approach is justified by assuming the work done by external insertion force is completely converted to the surface energy (G c ) to split the material, so the cutting force is also scaled proportionally. However, over scaling CZ strength can result in unexpected output. For example, the inner cylindrical phantom part could have relative motion to the outer phantom part when it is subject to forces. Also, the crack could initiate and propagate faster before the cutting edge enters the adjacent CZ elements due to the overall stress distribution.
Even with reduced CZ strength, a few severely distorted elements might still appear during the simulation. To eliminate these elements for model stability, a maximum equivalent strain of 1.0 is set as the criterion to remove the element using element deletion function in ABAQUS [19] . The value of 1.0 is based on the phantom tissue properties and needs to be high enough to avoid element failure adjacent to the CZ zone. It is important to ensure that the separation is from CZ instead of elements.
MODELING RESULTS AND DISCUSSION

Results
The FEM is aimed to compare the cutting force between the lancet tip and the bias bevel. The upper half of the lancet needle tip is identical with that of the bias bevel (Fig. 1) , so the simulation duration is only set from 0 to 30 s, equivalent to 0 to 6 mm insertion depth. The full needle tip engagement is defined as the axial distance between the tip and the apex of the bevel, which can be calculated by needle outer diameter and the bevel angle ξ. It is 11.4 mm for 11-gage tube with ξ = 15°. Note that no deformation and rupture phases existed in this FEM since a small crack was defined at the needle tip-tissue contact to initiate the element separation.
The simulation results for bias bevel and lancet tip needles are shown in Figs. 8 and 9 , respectively. For the bias bevel, it can be clearly seen that the needle cutting edge properly follows the pre-defined CZ to separate the phantom tissue until the outer cutting edge tends to transit to the inner cutting edge. The actual simulation terminated at 25.5 s when the outer cutting edge can no longer split the material. This point is defined as the start of cutting edge transition from the outer cutting edge to the inner one. The insertion depth prior to the outer to inner cutting edge transition (as defined in [15] ) was 5.1 mm, which was close to half the full engagement (5.7 mm). The lancet tip behaves differently. As shown in Fig. 9 , the transition point starts at 20 s (4 mm), 5.5 s earlier than that of the bias bevel. At this point the inner cutting edge already tended to split the elements but there is no CZ along the inner edge, thus the process was terminated. This phenomenon demonstrates the different cutting behaviors and transition of cutting edges between the bias bevel and lancet tip needles. The needle cutting forces over time in the axial direction is shown in Fig. 10 . This figure illustrates how the force changes at various 0.5 mm section (thickness of the CZ zone) along the cutting edge. The linear portion of the beginning 0 to 1 mm is when the needle tip starts to separate the material and penetrates through. The following portion reflects the cutting edge performance when the needle at different insertion depths. The first 1 mm insertion exhibits similar force increment for both cases, and then the lancet case starts to increase rapidly until the FEM simulation process terminates. The cutting force may be increasing for a few more mm to reach maximum when the segment transits from the outer to the inner cutting edge (passing the transition point). For this partial insertion modeling, the work (the area under the curve in Fig. 10 ) by the lancet tip is about 65% higher than that of the bias bevel. Since the upper half geometry is identical for both needles, the cutting force produced by lancet tip should be much higher than that of the bias bevel. This matches to the observation in the experiment. 
Discussion
In general, cutting force is related to tool rake angle and inclination angle. Moore et al. [4] reported that the larger inclination angle enabled lower initial cutting force and easier penetration. However for the continuous cutting phase, the rake angle is hypothesized to be more important than the inclination angle on the cutting force. Taking a simple straight-edge blade as an example, large rake angle yields smaller cutting force (sharp and easier to cut), and small or negative rake angle generates larger cutting force. For the soft tissue material, the very large rake angle (sharp tip) is preferred.
To find the rake angle for a lancet tip needle, the lancet region can be calculated by [15] [16] 
and the bevel region by
where γ is the angle along the needle periphery (γ = 180° is the tip of the needle). The rake angle distribution for a bias bevel needle can be calculated with only Eq. (5). Figure 11 shows the rake angles for the lancet tip and bias bevel compared in this study. The highlighted region (107°-163°) is correspondent to the FEM simulation distance of 1 to 4 mm in the simulation. As expected, the bias bevel tip has, in average, much larger rake angle within this region (especially at the needle tip), which corresponds to lower cutting force. This also explained the modeling and experimental results. However, the cutting force does not exactly change along with the rake angle. As toward 107° or 163° (about 4 mm insertion depth), the lancet cutting force does not decrease with the increasing rake angle; instead, the force increases rapidly in the simulation (Fig. 10) . This is due to the occurrence of transition between inner and outer cutting edges. When both cutting edges compete with each other to break through the tissue, it creates larger force and deformation. Another finding is that, around γ = 180° (the needle tip), the cutting force difference (0 to 1 mm in Fig. 10 ) does not reflect the larger rake angle of the bias bevel tip. It is attributed to the very high inclination angle and the additional cutting edge between two lancets (CZ #2 in Fig. 6 ); this cutting edge splits the phantom tissue from the middle, thus reducing the force on the outer cutting edge. As shown in Fig. 12 , at 1 mm insertion depth, the bias bevel acts as a blade to push the phantom tissue apart, while the lancet breaks the phantom tissue from the middle and then pushes to the side to tear the CZ. 
CONCLUSIONS
This study investigated a 3-D FEM using the cohesive elements in CZ to simulate the tissue separation along the cutting edges of different needle tip geometries. This model was built as a thin layer to observe the force change as the needle passed across and separate the material. The simulation results showed faster increment of cutting force with the lancet tip needle than the bias bevel, which is consistent with the observation of cutting force difference in the experiments. Although the sharp lancet tip is generally easier to rupture the tissue (due to high inclination angle), the cutting force (dominated by rake angle) could be higher.
This paper also demonstrated the idea to model the needle insertion mechanics including tissue deformation, fracture, and chip flow at the cutting edge. Further improvement will be focused on building more CZs to model the cutting edge transition mechanism for a complete insertion simulation. Placing another CZ for the inner cutting edge will require accurate estimation of the crack initiation position for the second CZ since tissue is deformed during the outer cutting edge insertion. With a completed model, the visco-elastic, anisotropic, and frictional properties of phantom and real tissues can be further applied for mechanistic study of needle insertion.
